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Abstract
Toll like receptors (TLRs) are important pattern recognition receptors that can detect patho-
gen and danger associated molecular patterns to initiate an innate immune response. TLR1
and 2 heterodimerize at the plasma membrane upon binding to triacylated lipopeptides from
bacterial cell walls, or to the synthetic ligand Pam3CSK4. TLR1/2 dimers interact with adap-
tor molecules TIRAP and MyD88 to initiate a signalling cascade that leads to activation of
key transcription factors, including NF-kB. Despite TLRs being extensively studied over the
last two decades, the real-time kinetics of ligand binding and receptor activation remains
largely unexplored. We aimed to study the kinetics of TLR activation and recruitment of adap-
tors, using TLR1/2 dimer interactions with adaptors MyD88 and TIRAP. Bioluminescence
resonance energy transfer (BRET) allows detection of real-time protein-protein interactions
in living cells, and was applied to study adaptor recruitment to TLRs. Energy transfer showed
interactions between TLR2 and TIRAP, and between TLR2 and MyD88 only in the presence
of TIRAP. Quantitative BRET and confocal microscopy confirmed that TIRAP is necessary
for MyD88 interaction with TLR2. Furthermore, constitutive proximity between the proteins in
the absence of Pam3CSK4 stimulation was observed with BRET, and was not abrogated
with lowered protein expression, changes in protein tagging strategies, or use of the brighter
NanoLuc luciferase. However, co-immunoprecipitation studies did not demonstrate constitu-
tive interaction between these proteins, suggesting that the interaction observed with BRET
likely represents artefacts of protein overexpression. Thus, caution should be taken when uti-
lizing protein overexpression in BRET studies and in investigations of the TLR pathway.
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Introduction
The main mechanism by which innate immune cells detect foreign pathogens is through
pattern recognition receptors. These receptors recognise danger- or pathogen-associated
molecular patterns (DAMPs or PAMPs), which are normally absent in the healthy host. Rec-
ognition initiates a signalling cascade that stimulates the cell to respond through both inflam-
matory cytokine release and cellular activation to mediate pathogen destruction. Toll-like
receptors (TLRs) are a well characterized group of pattern recognition receptors that play a
crucial role in the initial detection of pathogens by the innate immune system [1, 2]. TLRs are
transmembrane glycoproteins with a ligand-binding domain in the extracellular N-terminus,
and a downstream signalling domain in the intracellular C-terminus. These receptors are pro-
posed to dimerize upon ligand binding, wherein the C-terminal regions of the receptors are
brought into contact, and activate signalling through interaction with adaptor proteins [3, 4].
The signal transduction from TLRs to their binding partners occurs via the Toll-interleukin-1
receptor (TIR) domain, which is present in both TLRs and adaptors [2]. TLRs activate
downstream signalling cascades that lead to activation of transcription factors, such as
nuclear factor kappa light-chain enhancer of activated B cells (NF-κB), activator protein-1
(AP-1), and interferon regulatory factors (IRFs), which in turn initiate a pro-inflammatory
response [4].
Humans encode ten TLRs, which detect different PAMPs and DAMPs. TLR2 heterodi-
merizes with TLR1 or TLR6 to detect triacyl or diacyl lipopeptides, respectively [3, 5]. These
receptors are essential for immune responses to Gram-positive and Gram-negative bacteria,
and are also involved in detection of PAMPs from fungi and parasites like Plasmodium and
Trypanosoma cruzi. All TLRs, with the exception of TLR3, signal through adaptor Myeloid
differentiation factor 88 (MyD88). Additionally, both MyD88 and TIR domain containing
adaptor protein (TIRAP, MAL) are necessary for signal transduction from TLR2 and TLR4
[4, 6]. TIRAP directly interacts with MyD88 [7, 8], and contains a phosphatidylinositol
4,5-bisphosphate (PIP2) binding site that localizes it to the plasma membrane [9]. TIRAP
therefore serves as a bridging adaptor between MyD88 and TLR2, recruiting MyD88 to the
plasma membrane where it can be activated by concomitant TLRs. Upon receptor activation,
MyD88 is recruited and subsequently interacts with members of the IL-1R-associated kinase
(IRAK) family via its death domain [10, 11], to form a multimeric signalling platform called
the Myddosome [12]. This in turn triggers downstream signalling that results in NF-κB acti-
vation [6].
Due to their central role in pathogen detection, TLRs are targets of pathogen inhibition in
order to avoid detection. There are numerous examples of viral and bacterial proteins that
inhibit TLR signalling [13–16]. These can target in particular the interaction between TLRs
and adaptor molecules. Furthermore, overstimulation of immune responses can also be detri-
mental to the host. DAMPs released by damaged cells can stimulate TLRs and initiate a posi-
tive feedback loop to cause excessive inflammation. TLRs are increasingly being associated
with inflammatory diseases such as rheumatoid arthritis, systemic lupus erythematosus, and
atherosclerosis [17, 18]. Thus, the development of therapies that specifically target the interac-
tion between TLRs and adaptors to modulate signalling could have important therapeutic
applications. However, previous studies of TLR-adaptor interactions and of pathogen TLR-
modulating proteins have investigated activation of more general downstream pathways, such
as NF-κB activation, mitogen activated protein kinase (MAPK) activity, and cytokine secretion
[6, 19, 20]. Since several extracellular stimuli and/or surface receptors converge on these down-
stream pathways, it is difficult to dissect the exact interaction that is causing the measured
effect. A more specific and sensitive method to monitor the interactions between TLRs and
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adaptors could provide a better understanding of potency of ligand binding, and allow the
investigation of molecules that specifically affect the interactions between TLRs and adaptor
molecules.
Bioluminescence resonance energy transfer (BRET) is a technique for real-time monitoring
of protein-protein interactions in live cells. It has been extensively used to study G protein-
coupled receptors [21–23], but to our knowledge has never been adapted for use with TLRs. In
BRET, proteins of interest are tagged with either a luciferase enzyme or a fluorophore, and
expressed in target cells. Upon treatment with the luciferase substrate, light is emitted from the
luciferase at a specific wavelength. If the ‘donor’ luciferase-tagged protein comes within close
proximity to the ‘acceptor’ fluorophore-tagged protein, less light is emitted from the luciferase
and resonance energy transfer excites the fluorophore, resulting in light emission from the
fluorophore at a different wavelength. Energy transfer is indicative of direct interactions
between the tagged proteins, as it only occurs when the proteins are within about 8 nm of each
other [24]. Therefore, BRET has the potential to allow specific and sensitive detection of the
interactions between TLRs and adaptor proteins. We aimed to apply BRET to study the kinet-
ics of TLR and adaptor interaction in live cells, using TLR1/2 binding to TIRAP and MyD88 as
a model system.
Results
Tagged TLR1/2 and TIRAP, but not MyD88, localize to the plasma
membrane
In order to investigate the real-time kinetics of TLR1/2 activation in live cells by BRET,
TLR1 was left untagged, TLR2 was tagged with donor luciferase (Rluc8), and TIRAP or
MyD88 was tagged with the acceptor fluorophore (Venus). This combination of luciferase
and fluorophore has been previously demonstrated to perform well in BRET experiments
[25]. Western blot analysis of HEK293FT cells transfected with these DNA expression con-
structs showed that the tagged proteins were co-expressed in a dose-dependent manner and
at the expected molecular weight (Fig 1A–1D). Confocal microscopy of cells transfected with
MyD88-Venus or TIRAP-Venus constructs showed that TIRAP-Venus localized mostly to
the plasma membrane, as was expected (Fig 1E), whereas MyD88 was found in condensed
intracellular structures (Fig 1F), consistent with that previously reported for overexpressed
MyD88 [9, 26–28].
In order to determine if TLR2 was localized to the plasma membrane upon expression in
cells, TLR1 and TLR2-Rluc8 constructs were co-transfected with Kras-Venus construct and
BRET was measured. Kras-Venus contains only the C-terminal fragment of Kras N-terminally
linked to Venus, and when overexpressed in cells, it coats the plasma membrane with Venus
fluorophore to function as a plasma membrane ‘tag’ for BRET [29]. The BRET ratio is deter-
mined by dividing light emission at wavelengths characteristic of the fluorophore’s emission
peak by light emission characteristic of the luciferase’s emission peak. When TLR1/2-Rluc8
was co-transfected with Kras-Venus, a significant increase in BRET ratio was observed (1.33)
compared to TLR1/2-Rluc8 only (0.25), indicating the receptors were plasma membrane-local-
ized (Fig 1G). Indeed, the BRET ratio was significantly greater than that observed with Vaso-
pressin-2-receptor (V2R)-Rluc8, a plasma membrane-localized GPCR previously assessed
using BRET [22] that was used as a positive control. Thus, tagged TLR2, MyD88, and TIRAP
were successfully ectopically expressed in HEK293FT cells, and displayed the expected subcel-
lular localization.
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Fig 1. BRET constructs are functional and appear to be appropriately localized when transfected into cells. A-D) HEK293FT cells were
transfected with 0, 30 or 300 ng of TLR1, TLR2-Rluc8, TIRAP-Venus or MyD88-Venus constructs, alone or in combination, and analysed
for protein expression by Western immunoblot (IB) as indicated, along with lysate from untransfected THP1 cells. HEK293FT cells were
transfected with E) TIRAP-Venus or F) MyD88-Venus constructs, DAPI stained, and imaged by confocal microscopy. Yellow = Venus,
blue = nucleus; representative images of two independent experiments. G) HEK293FT cells were transfected with 100 ng TLR1/2-Rluc8
construct only (negative control), 100 ng TLR1/2-Rluc8 + 100 ng Kras-Venus constructs, and 100 ng V2R-Rluc8 + 100 ng Kras-Venus
constructs (positive control) and BRET ratio was measured. Error bars represent SD of three independent experiments. One-way ANOVA;
 = P<0.0001,  = P<0.01.
https://doi.org/10.1371/journal.pone.0202408.g001
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BRET shows ligand-independent interaction between TLR1/2 and adaptors
TLR1/2-Rluc8 co-expression with TIRAP-Venus or MyD88-Venus caused an increase in
BRET ratio, when compared to TLR1/2-Rluc8 alone (Fig 2A). Note that background BRET
ratio is caused by luminescence detection in the ‘fluorescence’ channel, and has been sub-
tracted from all subsequent BRET graphs. When BRET ratios with MyD88-Venus and TIR-
AP-Venus were compared (Fig 2B), MyD88-Venus was found to result in a significantly lower
BRET ratio than TIRAP-Venus. However, if untagged TIRAP was co-expressed with MyD88-
Venus, BRET increased to levels equivalent to that of TIRAP-Venus (Fig 2B). Co-expression of
untagged MyD88 with TIRAP-Venus had no effect on TIRAP interaction with the receptors.
These data are consistent with current knowledge that TIRAP serves as a bridging adaptor for
MyD88, and is required for MyD88 interaction with TLRs [8, 9].
Ligand-induced BRET is defined as a change in BRET ratio after addition of a specific
ligand, and is used to demonstrate changes in proximity between two proteins as a result of
stimulation by the ligand [30]. Cells were transfected with TLR1/2-Rluc8 and either TIRAP-
Venus (Fig 2C), or MyD88-Venus and untagged TIRAP constructs (Fig 2D). Pam3CSK4 is a
synthetic triacyl lipopeptide and a well-characterized specific ligand for TLR1/2. Addition of
Pam3CSK4 to transfected cells was expected to activate the TLR1/2 and induce interaction
with TIRAP and MyD88, causing an increase in BRET ratio [5]. However, there was no change
in BRET ratio after Pam3CSK4 treatment of cells transfected with either TLR1/2 + TIRAP-Ve-
nus (Fig 2C) or TLR1/2 + MyD88-Venus + TIRAP constructs (Fig 2D). Despite very high
Pam3CSK4 concentrations being used (10 μg/ml), the BRET ratio was the same as vehicle-
only control. Pam3CSK4 was confirmed to be biologically active, as it induced TNF cytokine
responses in THP1 cells, a human monocytic cell line. Pam3CSK4 did not induce a TNF
response from HEK293FT cells, with or without TLR pathway transfection, likely due to
absence of a functional pathway for TNF expression (Fig 2E).
BRET indicates constitutive proximity between overexpressed proteins
Although no ligand-induced BRET was detected, the high ‘resting’ BRET ratio between TLR1/
2-Rluc8 and TIRAP-Venus, and between TLR1/2-Rluc8 and MyD88-Venus in the presence of
TIRAP, suggested a constitutive interaction between these proteins. This was unexpected, as it
has been generally assumed that TIRAP and MyD88 only interact with TLRs upon ligand
binding and receptor activation. To provide further evidence for constitutive TIRAP proximity
with TLR1/2, the BRET saturation assay was employed. Increasing concentrations of fluoro-
phore-tagged constructs were transfected, whilst the concentration of luciferase-tagged con-
struct was kept constant [31]. The BRET signal was then plotted as a function of acceptor/
donor expression ratio. Specific proximity theoretically results in a saturation curve, compared
to a linear or quasi-linear relationship due to random co-localization [31]. These curves can be
determined using nonlinear regression model fitting (GraphPad Prism, one site—specific
binding). From the saturation BRET curve, a BRET50 value can be calculated, which is the fluo-
rescence/luminescence value at 50% of the maximal BRET signal. It has been suggested that a
low BRET50 is indicative of a direct interaction, whereas a higher BRET50 indicates weak or no
interaction [32].
BRET between TLR1/2-Rluc8 and TIRAP-Venus showed clear saturation, supportive of
constitutive proximity between these two proteins (Fig 3A, blue curve). This specificity
was further demonstrated by a low BRET50 value of 0.117 (Table 1). In contrast, BRET
between TLR1/2-Rluc8 and MyD88-Venus had a linear relationship indicating a clear lack of
proximity (Fig 3A, red line). This was consistent with confocal microscopy experiments (Fig
1F), which demonstrated that in the absence of TIRAP, overexpressed MyD88 was localized
BRET analysis of TLR-adaptor interactions is hampered by protein overexpression
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Fig 2. TIRAP directly interacts with TLR1/2, but does not show ligand-induced BRET increase. A) HEK293FT cells were transfected with
100 ng TLR1 and 100 ng TLR2-Rluc8 constructs, and additionally with 300 ng MyD88-Venus, or 300 ng TIRAP-Venus constructs, and BRET
measured over time. Graph shown is representative of three independent experiments; error bars represent SD of triplicate wells. B)
Transfections as in (A), with additional cells transfected with 300 ng MyD88-Venus + 300 ng TIRAP constructs, or 300 ng MyD88 + 300 ng
TIRAP-Venus constructs. Data shown as % of max BRET, where max is TLR1/2-Rluc8 + TIRAP-Venus; n = 4 independent experiments. One-
way ANOVA;  = P<0.0001. HEK293FT cells transfected with 300 ng TLR1 + 300 ng TLR2-Rluc8 constructs and additionally with either C)
300 ng TIRAP-Venus or D) 100 ng MyD88-Venus + 300 ng of TIRAP constructs. Cells were stimulated with 10 μg/ml Pam3CSK4 or vehicle
control and BRET measured over time. Data shown are donor-only-subtracted BRET ratio; graphs are representative of three independent
experiments. E) Untransfected THP1 cells, or HEK293FT cells transfected with 0 or 300 ng of TLR1/2, MyD88 and TIRAP constructs (TLR
pathway), were treated with increasing concentrations of Pam3CSK4, as indicated, and TNF was measured in culture medium after 24 hr. Dose-
response curve was fitted using Graphpad Prism non-linear fit with variable slope (EC50 = 14.4 for THP1 cells).
https://doi.org/10.1371/journal.pone.0202408.g002
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intracellularly away from the plasma membrane. In contrast, when untagged TIRAP was co-
expressed with MyD88-Venus, clear saturation was observed, demonstrating again that
MyD88 requires TIRAP to interact with TLR1/2 (Fig 3A, black curve). V2R-Venus was used as
a negative control, as this receptor was not expected to specifically interact with TLR1/2.
Fig 3. When overexpressed, TIRAP constitutively interacts with TLR1/2 but MyD88 interaction only occurs in the presence of TIRAP. A)
HEK293FT cells were transfected with constant (100 ng) TLR1/2-Rluc8 and increasing (0–1000 ng) TIRAP-Venus (blue circles; combined
n = 7), MyD88-Venus (red triangles; combined n = 3), MyD88-Venus + TIRAP (black squares, combined n = 2), or V2R-Venus constructs
(green inverted triangles, combined n = 3). B) HEK293 cells were transfected with constant (50 ng) TLR1/2-Rluc8 and increasing (0–1000 ng)
MyD88-Venus + TIRAP constructs at the concentrations indicated (combined n = 2). Saturation curves were fitted using ‘one site—specific
binding’ function on Prism software. Data shown are combined from independent experiments, as indicated. C) HEK293FT cells were
transfected with Venus-tagged and untagged MyD88 and TIRAP constructs as indicated, DAPI stained, and imaged by confocal microscopy.
Yellow = Venus, blue = nucleus; representative images of two independent experiments.
https://doi.org/10.1371/journal.pone.0202408.g003
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Intriguingly, a saturation curve for TLR1/2-Rluc8 and V2R-Venus was observed, although this
was lower than that of TLR1/2 and TIRAP (Fig 3A, green curve). The BRET50 value was also
higher for TLR1/2-Rluc8 and V2R-Venus (0.193), which are not known to have any meaning-
ful biological interactions. This effect with saturation BRET can occur with overexpression of
proteins that might co-localize at the cell membrane without any functional consequences
[33], and again illustrates the need for careful interpretation of saturation BRET data. This
being said, the clear linear relationship for TLR1/2-Rluc8 + MyD88-Venus with the switch to a
clear saturation curve upon co-expression of TIRAP illustrates the utility of this approach
under certain circumstances.
To further investigate the role of TIRAP in bridging MyD88 and TLR1/2, BRET saturation
assays were performed as before, with constant TLR1/2-Rluc8 and TIRAP constructs co-trans-
fected with increasing MyD88-Venus construct. Multiple individual curves were generated,
each with different amounts of constant TIRAP DNA construct transfection. As TIRAP con-
struct concentrations increased, the linear relationship changed to a saturation curve, indicat-
ing that a minimum expression level of TIRAP was required to allow constitutive interaction
of MyD88 with TLR1/2 (Fig 3B). Weak interactions between TLR1/2-Rluc8 and MyD88-Ve-
nus, in the absence of TIRAP, were highlighted by an incalculable BRET50 value (Table 1).
However, when TIRAP was co-transfected with MyD88-Venus in increasing DNA construct
concentrations, the calculable BRET50 value decreased (Table 1). This indicated specific prox-
imity when more than 10 ng of TIRAP construct was transfected. The saturation BRET results
suggest that a threshold amount of TIRAP is needed to allow MyD88 to interact with TLR1/2.
Indeed, when MyD88-Venus construct was co-transfected with untagged TIRAP construct at
equal concentrations, there was no effect on MyD88 localization seen by confocal microscopy,
but when TIRAP construct was transfected at three-fold higher concentration, MyD88 locali-
zation changed to small punctate staining at or near the plasma membrane (Fig 3C). In
Table 1. BRET50 values calculated from BRET saturation curves show MyD88 and TLR2 interactions are dependent on TIRAP concentration.
BRET50 BRET50 SEM BRETmax BRETmax SEM
TLR-Rluc8 +
TIRAP-Venus
0.117 0.011 0.23 0.004
TLR-Rluc8 +
V2R-Venus
0.193 0.022 0.16 0.005
TLR-Rluc8 + MyD88-Venus + TIRAP
TIRAP (ng DNA)
0 ND ND ND ND
10 ND ND ND ND
20 0.71 0.063 0.21 0.0076
50 0.43 0.081 0.23 0.014
100 0.29 0.038 0.23 0.0087
200 0.27 0.018 0.26 0.0041
400 0.19 0.014 0.24 0.0041
600 0.090 0.0097 0.21 0.0044
800 0.066 0.022 0.20 0.0070
SEM—standard error
BRETmax—maximum BRET ratio, calculated from the fitted curve
BRET50—fluorescence/luminescence value at 50% BRETmax, calculated as the equilibrium binding constant (Kd) from the fitted curve
 Curves for 0 and 10 ng TIRAP DNA constructs are sufficiently linear that curves cannot be fitted with enough accuracy to determine appropriate BRETmax and
BRET50 values.
https://doi.org/10.1371/journal.pone.0202408.t001
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contrast, co-transfection of MyD88 construct had no effect on TIRAP localization (Fig 3C).
Thus, confocal microscopy confirms that a threshold amount of TIRAP is necessary to redis-
tribute MyD88.
NanoBRET allows investigation with lower protein expression, but
constitutive proximity is still observed
The constitutive proximity between TLR1/2, TIRAP and MyD88 seen in the BRET experi-
ments in the absence of ligand was unexpected, as previous work indicated that MyD88 only
interacts with TIRAP upon ligand stimulation [34]. However, it was also shown that overex-
pression of MyD88 induced constitutive NF-κB activation [35] and ligand-independent inter-
action between TLR4 and MyD88 [36]. Indeed, co-transfection of the TLR pathway proteins
with a firefly luciferase (Fluc) NF-κB reporter construct showed an NF-κB response that was
dose dependent on the TLR pathway components, but was independent of Pam3CSK4 (Fig
4A–4C). Therefore, the constitutive interaction between TLR1/2, TIRAP and MyD88 observed
with BRET might be due to overexpression of these proteins, resulting in spontaneous interac-
tion/oligomerization.
Overexpression of tagged constructs tends to be necessary when performing BRET with
Rluc8 and Venus, because bright luminescent signals are required for detection. However,
Nanoluc (Nluc), a new luciferase enzyme that is significantly brighter than Rluc8, was recently
applied to BRET studies [37]. Use of Nluc can lower the limit of detection for BRET, essentially
allowing sensitive BRET measurement with reduced expression levels of the enzyme (termed
NanoBRET). In an attempt to overcome the potentially non-specific constitutive interactions
between TLR1/2, MyD88 and TIRAP due to protein overexpression, the BRET assay was
repeated using Nluc in place of Rluc8.
NanoBRET using TLR1/2-Nluc and MyD88-Venus or TIRAP-Venus allowed a 10-fold
reduction in construct expression whilst still providing detectable BRET signal. Cells trans-
fected with 5 ng of TLR2-Nluc construct (Fig 4E) allowed for a stably detectable BRET signal
compared to cells transfected with 50 ng of TLR2-Nluc construct (Fig 4D). Due to the brighter
light emission of Nluc compared to Rluc8 [37], lower DNA construct concentrations were
used for transfection in order to prevent signal saturation. However, ligand-induced BRET
remained undetectable, since treatment with Pam3CSK4 did not induce a change in BRET
ratio compared to vehicle only control (Fig 4D and 4E). Therefore, simply exchanging Rluc8
for Nluc in this experimental setup was not sufficient to improve measurement of ligand-
induced receptor-adaptor protein interactions.
Since the current understanding is that TIRAP and MyD88 should only interact upon
ligand activation of a receptor, the monitoring of interactions between these two proteins
was attempted as a strategy for assessing ligand-induced BRET. MyD88, which based on previ-
ous experiments seemed to be most prone to oligomerization, was tagged with Nluc to allow
lowest possible expression levels. Cells were co-transfected with MyD88-Nluc and TIRAP-Ve-
nus construct along with untagged TLR1/2 construct, and the BRET ratio was measured in
response to Pam3CSK4 ligand or vehicle only control. Stimulation of TLR1/2 with Pam3CSK4
was expected to induce interaction between MyD88-Nluc and TIRAP-Venus, however, no
change in BRET was observed (Fig 4F). Despite the concentration of transfected DNA con-
struct being reduced ten-fold, constitutive BRET was still apparent between MyD88-Nluc and
TIRAP-Venus, indicated by a saturation BRET curve (Fig 4G). Therefore, it appears that con-
stitutive proximity between MyD88 and TIRAP still occurred when these proteins were over-
expressed in cells, even if low transfection concentrations of DNA construct were used. In fact,
BRET analysis of TLR-adaptor interactions is hampered by protein overexpression
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Fig 4. Modified BRET using Nluc allowed reduction in protein expression levels, but did not enable observation
of ligand-induced BRET ratio. A) HEK293FT cells were transfected with 100 ng of TLR1/2, MyD88 and TIRAP
constructs (TLR pathway) and 0, 100, 200 or 400 ng of NF-κB luciferase constructs, and treated with 1 μg/ml
Pam3CSK4. NF-κB luciferase levels measured after 24 hr; representative experiment of n = 3. B and C) HEK293FT
cells were transfected with 200 ng of NF-κB-Fluc constructs and 0, 25, 50 or 100 ng of TLR1/2, MyD88 and TIRAP
constructs (TLR pathway), and treated with 1 μg/ml Pam3CSK4. NF-κB reporter Fluc luciferase (B) and TLR-Rluc8
luciferase (C) levels measured after 24 hr; representative experiment of n = 2. HEK293FT cells transfected with D) 50
ng TLR1 + 50 ng TLR2-Nluc + 50 ng MyD88-Venus + 100 ng TIRAP constructs, or E) 5 ng TLR1 + 5 ng TLR2-
Nluc + 5 ng MyD88-Venus + 10 ng TIRAP constructs. Cells were stimulated with 1 μg/ml Pam3CSK4 (red) or vehicle
BRET analysis of TLR-adaptor interactions is hampered by protein overexpression
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transfection of TIRAP-Venus and MyD88-Venus constructs, even at the low concentrations
used in NanoBRET, still produced overexpression of these proteins in HEK293FT cells (Fig
5A). These remained significantly higher than the endogenous protein levels in human pri-
mary dendritic cells.
control (blue) and BRET measured over time. Data shown are donor-only-subtracted BRET ratio; graphs are
representative of three independent experiments. F) HEK293FT cells were transfected with 100 ng TLR1 + 100 ng
TLR2 + 10 ng MyD88-Nluc and 10 ng (circle) or 50 ng (triangle) of TIRAP-Venus constructs. Cells were stimulated
with 1 μg/ml Pam3CSK4 (red and purple) or vehicle control (blue and green) and BRET measured over time. Data
shown are donor-only-subtracted BRET ratio; graphs are representative of two independent experiments. G)
HEK293FT cells were transfected with constant (100 ng) TLR1/2 and MyD88-Nluc constructs (20 ng, blue; or 10 ng,
green), and increasing (0–600 ng) TIRAP-Venus construct. Saturation curves were fitted using ‘one site—specific
binding’ function on Prism software.
https://doi.org/10.1371/journal.pone.0202408.g004
Fig 5. Immunoprecipitation does not show constitutive interactions between overexpressed TLR1/2, TIRAP and MyD88. A) HEK293FT
cells were transfected as indicated, and cell lysates were analysed by Western blotting. High and low exposure images show both Venus-tagged
(arrows) and endogenous (triangles) MyD88 and Venus in the same blot. B and C) HEK293FT cells were transfected with 100 ng of DNA
constructs as indicated. Immunoprecipitation of Venus-tagged protein was performed, and analysed by Western blot, along with input samples.
https://doi.org/10.1371/journal.pone.0202408.g005
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Co-immunoprecipitation studies did not confirm constitutive interaction
between TLR1/2 and adaptors
In order to further investigate the constitutive interaction with TLR1/2 and TIRAP/MyD88
observed by BRET, co-immunoprecipitation (IP) was employed. Venus IP was performed on
cells expressing Venus-tagged TIRAP and untagged MyD88 (Fig 5B), or Venus-tagged MyD88
and untagged TIRAP (Fig 5C), with and without TLR1/2-Rluc8. Cells transfected with TLR1/
2-Rluc8 and untagged MyD88 and TIRAP constructs were used as a negative control (Fig 5C).
In contrast to the BRET data, the IP experiments did not demonstrate constitutive interactions
between the TLR pathway proteins.
Discussion
The downstream signalling from TLRs is hinged on interactions between receptors and adap-
tor proteins via their TIR domains [4]. Currently, there are no suitable methods available to
specifically monitor these interactions. BRET is a sensitive method for detection of specific
protein-protein interactions in live cells, and was applied to investigate the binding between
TLRs and adaptors. To our knowledge, BRET has never before been used to study TLRs, with
the closest example being the use of FRET to analyse the dimerization of TLR4 [38]. However,
BRET requires the overexpression of the proteins of interest, which can be a confounding fac-
tor if the protein activity is sensitive to expression stoichiometry. Furthermore, addition of
luciferase and fluorophore tags can, in some cases, alter the structure of the target proteins and
subsequently affect their localization or function. Therefore, the expression and subcellular
localization of tagged proteins must always be evaluated prior to application in BRET
experiments.
The BRET and confocal microscopy analysis in this study demonstrated that the
TLR2-Rluc8 and TIRAP-Venus were expressed and correctly localized at the plasma mem-
brane. However, MyD88-Venus showed intracellular localization, which has been reported
for artificially overexpressed MyD88 [9, 26, 28]. Previous work has claimed that the unique
subcellular localization of transfected MyD88 constitutes the natural distribution of the pro-
tein [28]. Yet, more recently it has been shown that endogenous MyD88 in macrophages is
found in small speckle-like formations throughout the cytoplasm, and condense into larger
structures upon TLR stimulation with ligands [39]. Thus, the observed distribution of
MyD88 when overexpressed in cells may be an artefact occurring due to the death domains
of MyD88 being prone to oligomerization. Co-expression of TIRAP and MyD88-Venus
changed the subcellular localization of MyD88-Venus to smaller speckle-like formations at
the plasma membrane, indicating that MyD88-Venus was functionally interacting with
TIRAP. The BRET experiments conducted in this study showed that, similar to the bridging
role of TIRAP in TLR4-MyD88 signalling [8, 9, 40], TIRAP is also required for MyD88 inter-
action with TLR2. Interestingly, the requirement for three-fold higher transfection amount
of TIRAP to achieve this redistribution of MyD88 indicated that there was a minimum
threshold of TIRAP required to translocate MyD88, likely by disruption of MyD88 oligomer-
ization to favour TIRAP:MyD88 complex formation. This was supported by saturation
BRET studies, which showed that the interaction between TLR1/2 and MyD88 was depen-
dent on TIRAP expression levels. This constitutes a novel concept that TIRAP expression
levels in cells could be a rate-limiting step in MyD88-dependent signalling downstream of
TLR2, and potentially of TLR4.
Ligand-induced BRET is important to show that the interactions seen between tagged
proteins are functional and biologically valid [23]. Despite several strategies used in this
study for tagging the proteins of interest, ligand-induced BRET was not observed when cells
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were treated with the TLR1/2 ligand Pam3CSK4 [3]. Saturation BRET has been extensively
used to investigate oligomerization between GPCRs [31, 33], and our experiments demon-
strated that the proteins analysed were constitutively proximal, even at low transfection con-
centrations. This was despite the use of Nluc to increase BRET sensitivity and reduce protein
expression levels [37]. Indeed, Western blot analysis showed that protein levels of ectopically
expressed TIRAP and MyD88 remained significantly higher than endogenous proteins
found in immune cells (Fig 5A). Therefore, because the tagged proteins demonstrated con-
stitutive proximity in the absence of ligand, measurement of ligand-induced BRET was not
achievable.
Most previous studies on interactions between TLRs, TIRAP and MyD88 have used protein
overexpression systems, which induced ligand-independent activation of transcription factors
such as NF-κB [6, 11, 19, 41]. Additionally, it has been reported that overexpression of TLR4
and TIRAP caused ligand-independent interactions [6]. Only recently has there been a study
demonstrating the ligand-induced interaction of endogenous MyD88 and TIRAP [34]. The
study by Bonham et al. clearly showed that MyD88 and TIRAP interacted only after stimula-
tion with TLR ligands LPS and CpG, although the authors did not investigate native interac-
tions between TLRs and TIRAP. Therefore, it is more likely that the ligand-independent
interactions between MyD88, TIRAP and TLR1/2 observed with BRET are artefacts due to the
overexpression of these proteins. This is further supported by the IP studies, which did not
show constitutive interactions between the proteins of interest. However, it is important to
note that IP studies are not without limitations, as they usually only capture strong protein-
protein interactions, whereas transient or low affinity interactions will likely not be captured
due to stringent assay conditions. Therefore, some biologically ‘real’ protein-protein interac-
tions can be lost during membrane disruption and/or under IP conditions, and thus cannot be
demonstrated with this method.
Ligand induced interactions between endogenous TLR1/2 and TIRAP have not yet been
investigated. It is possible that TLR1/2-TIRAP protein complexes could occur naturally in
cells in the absence of ligand-induction, with ligand binding causing conformational changes
in the complex that initiate the downstream signalling cascade. Another possibility is that
the proteins are located within close proximity to each other at resting state, and ligand bind-
ing rapidly induces interactions to initiate signalling. The actuality of either of these scenar-
ios remains to be determined, although it will likely not be achieved using standard BRET
techniques. Instead, to conclusively determine the native resting interactions between
these proteins, studies need to be undertaken with endogenous proteins for immunoprecipi-
tation and/or immunofluorescence studies. Alternatively, in situ knock-ins of tags using
CRISPR/Cas9 gene editing could be used to insert the luciferase and fluorophore genes,
allowing the study of TLR-MyD88-TIRAP complexes at physiological expression levels [42].
This technique has been used recently for BRET, where knock-in of Nluc overcame the need
for overexpression of donor fusion proteins [43]. However, the genomic insertion of large
genes like that of the Venus fluorophore remain a challenge, even with CRISPR/Cas9 gene
editing.
In summary, our data confirm that TIRAP is essential for MyD88 interaction with TLR1/2,
constituting a rate-limiting component of TLR1/2-MyD88 interaction. Furthermore, constitu-
tive proximity/interaction between TLR1/2 and adaptors was observed with BRET, although
this is likely to be an artefact of protein overexpression. These findings highlight the need for
caution when studying the TLR pathway through ectopic protein expression. Despite the chal-
lenges with experiments using endogenous protein expression, these are likely to be critical to
our future understanding of genuine protein-protein interactions in cells.
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Materials and methods
Constructs
Human TLR1, TLR2, and TIRAP genes were purchased from Invivogen, and all cloning was
performed by GeneArt (Life Technologies). The MyD88 gene was synthesised de novo due to
high CG content. Genes were sub-cloned into pcDNA3.1 vectors containing C-terminal
Rluc8, Nluc, or Venus tags. The Kras-Venus construct was kindly provided by Nevin Lambert.
Constructs were purified from TOP10 E. coli (Life Technologies) using an endotoxin-free
Maxiprep kit (Qiagen).
Cell culture and transfection
HEK293FT cells (Thermo Fisher Scientific) were maintained in DMEM (Dulbecco’s modified
Eagle’s medium, 4.5 g/L D-glucose, 40 mM sodium bicarbonate, 100 U/ml penicillin and
100 μg/ml streptomycin) supplemented with 10% heat-inactivated FCS, at 37˚C in a 5% CO2
humidified incubator. Cultures were maintained at sub-confluency and passaged every two to
three days using 2.5% trypsin treatment (Gibco).
HEK293FT cells were transfected using GeneJuice (Novagen) according to manufacturer’s
instructions. Briefly, 6 x 105 cells/well were added to 6-well plates 24 hr prior to transfection.
Transfection was done when cells were approximately 50% confluent, by mixing up to 1.2 μg
of expression plasmid with 100 μl of serum-free medium and 4 μl of GeneJuice. After 10 min
incubation at RT, the GeneJuice/plasmid mixture was added to cells dropwise. Cells were incu-
bated for 24–48 hr prior to assaying. The concentration of transfected DNA was always equal-
ised between samples using pcDNA3.1 empty vector.
Confocal microscopy
HEK293FT cells were transfected as described. 24 hr post-transfection, cells were detached
using trypsin treatment and 8 x 105 cells added to 6-well plates containing poly-L-lysine-coated
glass coverslips. After 24 hr, wells were washed twice with PBS prior to cell fixation using 4%
paraformaldehyde in fixative buffer (10 mM KCl, 274 mM NaCl, 8 mM NaHCO3, 0.8 mM
KH2PO4, 4 mM MgCl2, 10 mM PIPES pH 7.2, 4 mM EGTA, 11 mM glucose) for 5 min at
37˚C. Cells were permeabilised with 0.15% Triton-X 100 in fixative buffer for 20 min and
washed once with 0.1 M glycine and four times with TBS for 10 min each. Coverslips were
blocked with 1% BSA in TBS for 20 min. Coverslips were washed twice with 1% BSA in TBS
for 10 min, twice with TBS for 5 min, and mounted onto glass slides using Prolong Gold with
DAPI (Thermo Fisher). Cells were imaged on a Zeiss LS 780 confocal microscope.
Bioluminescence resonance energy transfer assays
HEK293FT cells were transfected as described, and 24 hr post-transfection cells were detached
using trypsin treatment and washed once with PBS. Cells were re-suspended at 1 x 106 cells/ml
in phenol red-free DMEM supplemented with 5% FCS and 25mM HEPES. 1 x 105 cells/well
were added to poly-L-lysine-coated opaque white 96-well plates and incubated for a further 24
hr. Medium was exchanged with medium containing 5 μM coelenterazine h and assays carried
out immediately. In some instances, 10 μl Pam3CSK4 (Pam3CysSerLys4, synthetic triacylated
lipopeptide; Invivogen) in medium was added to wells a few minutes into the assay measure-
ment, to indicated final concentrations. For NanoBRET experiments using Nluc constructs,
samples were prepared as above, but furimazine (Promega) diluted 1:500 in medium was
added to cells immediately prior to assay.
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BRET measurements at 37˚C utilised the PHERAstar plate reader and software (BMG Lab-
tech). Emissions were simultaneously measured at 400–475 nm for Rluc8 or Nluc (donor) and
at 520–540 nm for Venus (acceptor). BRET was calculated by subtracting the ratio of emission
through the acceptor wavelength window over emission through the donor wavelength win-
dow. In some instances, data were presented as BRET ratio minus donor-only control, where
donor-only control was cells transfected with luciferase-tagged DNA constructs only, to con-
trol for background luminescence.
BRET saturation assay
The BRET saturation assay was performed as described, with varying concentrations of
transfected DNA constructs, as indicated in figures. For direct fluorescence measurements,
transfected cells used in the BRET assay were also plated at 0.5 x 105 cells/well in black
96-well plates. Fluorescence after light excitation was measured on an EnVision 2102 plate
reader (PerkinElmer Life Sciences) using a 485/14 excitation filter, 535/25 emission filter,
and D505 mirror. Luminescence data points were selected at time points when maximal
luminescence was obtained. BRET ratios at that same time point were used. Data were plot-
ted as BRET ratio vs. fluorescence/luminescence, and curves were fitted using ‘one site—
specific binding’ function on Prism software (GraphPad). BRET50, corresponding to the
fluorescence/luminescence value at 50% of the maximum BRET ratio, was calculated as the
equilibrium dissociation constant (Kd) from the fitted curve. In order to determine if the
relationship was linear or saturated, all curves were compared to a ‘line through origin’ curve
(null hypothesis indicating a linear relationship), and the null hypothesis was rejected if the
p-value was less than 0.05.
Western blotting and immunoprecipitation
HEK293FT cells transfected as for BRET assay, THP1 cells, or human primary monocyte-
derived dendritic cells were lysed as described previously [44]. Protein concentrations were
determined using the Pierce BCA Protein Assay Kit (Thermo Fisher) and equalized between
samples. For Venus immunoprecipitation, Venus cross-reacting GFP-Trap beads (Chromo-
tek) were used according to manufacturer’s instructions. Samples and Novex Sharp protein
size marker (Thermo Fisher) were separated by SDS-PAGE using the NuPAGE system with
4–12% Bis-Tris gels (Thermo Fisher) and transferred onto nitrocellulose membranes using the
Criterion transfer system (Bio-Rad). Membranes were probed with antibodies against TLR1
(Cell Signalling Technology), TLR2 (D7G9Z, Cell Signalling Technology), MyD88 (D80F5,
Cell Signalling Technology), TIRAP (EPR3509, Abcam), GFP (cross-reacts with Venus, 13.1/
7.1, Roche), or Renilla luciferase (EPR17791, Abcam), followed by secondary probing with
HRP-conjugated anti-mouse or anti-rabbit antibodies (GE Healthcare) as previously described
[44]. HRP-conjugated antibodies against β-actin (AC-15, Sigma) and GAPDH (Proteintech)
were used to demonstrate even lane loading.
TNF ELISA
HEK293FT cells transfected as for BRET assay, or THP1 cells were plated in 96-well plates as
described above. After 24 hr, cells were treated with vehicle or Pam3CSK4 as indicated and
incubated for a further 24 hr. Subsequently, cell culture supernatant was collected and TNF
ELISA (Invitrogen eBioscience Human TNF alpha ELISA Ready-SET-Go! Kit) performed
according to manufacturer’s instructions.
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NF-κB luciferase
HEK293FT cells were transfected as for BRET assays, and additionally with NF-κB Firefly
luciferase reporter DNA construct as indicated. After 48 hr, cells were lysed using Passive Lysis
Buffer (Promega), and Renilla and Firefly luciferase activity were measured sequentially using
the Dual-Glo Luciferase Assay System (Promega) on a GloMax luminometer (Promega),
according to manufacturer’s instructions.
Author Contributions
Conceptualization: Nata´lia G. Sampaio, Louis Schofield.
Formal analysis: Nata´lia G. Sampaio.
Funding acquisition: Louis Schofield.
Investigation: Nata´lia G. Sampaio.
Methodology: Nata´lia G. Sampaio, Martina Kocan.
Project administration: Nata´lia G. Sampaio.
Resources: Martina Kocan.
Supervision: Martina Kocan, Kevin D. G. Pfleger, Emily M. Eriksson.
Visualization: Nata´lia G. Sampaio.
Writing – original draft: Nata´lia G. Sampaio.
Writing – review & editing: Nata´lia G. Sampaio, Kevin D. G. Pfleger, Emily M. Eriksson.
References
1. Kawai T, Akira S. The role of pattern-recognition receptors in innate immunity: update on Toll-like recep-
tors. Nature Immunology. 2010; 11(5):373–84. https://doi.org/10.1038/ni.1863 PMID: 20404851
2. Kawasaki T, Kawai T. Toll-like receptor signaling pathways. Frontiers in Immunology. 2014; 5(461).
https://doi.org/10.3389/fimmu.2014.00461 PMID: 25309543
3. Jin MS, Kim SE, Heo JY, Lee ME, Kim HM, Paik S-G, et al. Crystal structure of the TLR1-TLR2 hetero-
dimer induced by binding of a tri-acylated lipopeptide. Cell. 2007; 130(6):1071–82. https://doi.org/10.
1016/j.cell.2007.09.008 PMID: 17889651.
4. O’Neill LAJ, Bowie AG. The family of five: TIR-domain-containing adaptors in Toll-like receptor signal-
ling. Nature reviews Immunology. 2007; 7(5):353–64. https://doi.org/10.1038/nri2079 PMID: 17457343.
5. Aliprantis AO, Yang RB, Mark MR, Suggett S, Devaux B, Radolf JD, et al. Cell activation and apoptosis
by bacterial lipoproteins through toll-like receptor-2. Science. 1999; 285(5428):736–9. PMID:
10426996.
6. Fitzgerald KA, Palsson-Mcdermott EM, Bowie AG, Jefferies CA, Mansell AS, Brady G, et al. Mal (MyD88-
adapter-like) is required for Toll-like receptor-4 signal transduction. Nature. 2001; 413(6851):78–83.
https://doi.org/10.1038/35092578 PMID: 11544529.
7. Vyncke L, Bovijn C, Pauwels E, Van Acker T, Ruyssinck E, Burg E, et al. Reconstructing the TIR side of
the myddosome: a paradigm for TIR-TIR interactions. Structure. 2016; 24(3):437–47. https://doi.org/10.
1016/j.str.2015.12.018 PMID: 26876098
8. Bovijn C, Desmet A-S, Uyttendaele I, Van Acker T, Tavernier J, Peelman F. Identification of binding
sites for myeloid differentiation primary response gene 88 (MyD88) and Toll-like receptor 4 in MyD88
adapter-like (Mal). The Journal of Biological Chemistry. 2013; 288(17):12054–66. https://doi.org/10.
1074/jbc.M112.415810 PMID: 23460645.
9. Kagan JC, Medzhitov R. Phosphoinositide-mediated adaptor recruitment controls Toll-like receptor sig-
naling. Cell. 2006; 125(5):943–55. https://doi.org/10.1016/j.cell.2006.03.047 PMID: 16751103.
10. Burns K, Janssens S, Brissoni B, Olivos N, Beyaert R, Tschopp J. Inhibition of interleukin 1 receptor/
Toll-like receptor signaling through the alternatively spliced, short form of MyD88 is due to its failure to
BRET analysis of TLR-adaptor interactions is hampered by protein overexpression
PLOS ONE | https://doi.org/10.1371/journal.pone.0202408 August 23, 2018 16 / 18
recruit IRAK-4. The Journal of Experimental Medicine. 2003; 197(2):263–8. https://doi.org/10.1084/
jem.20021790 PMID: 12538665.
11. Wesche H, Henzel WJ, Shillinglaw W, Li S, Cao Z. MyD88: an adapter that recruits IRAK to the IL-1
receptor complex. Immunity. 1997; 7(6):837–47. PMID: 9430229.
12. Lin S-C, Lo Y-C, Wu H. Helical assembly in the MyD88–IRAK4–IRAK2 complex in TLR/IL-1R signalling.
Nature. 2010; 465(7300):885–90. https://doi.org/10.1038/nature09121
17145423462148236221related:vWP-aMzH8O0J PMID: 20485341
13. Cirl C, Wieser A, Yadav M, Duerr S, Schubert S, Fischer H, et al. Subversion of Toll-like receptor signal-
ing by a unique family of bacterial Toll/interleukin-1 receptor domain-containing proteins. Nature Medi-
cine. 2008; 14(4):399–406. https://doi.org/10.1038/nm1734 PMID: 18327267.
14. Bowie A, Kiss-Toth E, Symons JA, Smith GL, Dower SK, O’Neill LA. A46R and A52R from vaccinia
virus are antagonists of host IL-1 and toll-like receptor signaling. Proceedings of the National Academy
of Sciences of the United States of America. 2000; 97(18):10162–7. https://doi.org/10.1073/pnas.
160027697 PMID: 10920188.
15. Radhakrishnan GK, Yu Q, Harms JS, Splitter GA. Brucella TIR domain-containing protein mimics prop-
erties of the Toll-like receptor adaptor protein TIRAP. The Journal of Biological Chemistry. 2009; 284
(15):9892–8. https://doi.org/10.1074/jbc.M805458200 PMID: 19196716.
16. Snyder GA, Deredge D, Waldhuber A, Fresquez T, Wilkins DZ, Smith PT, et al. Crystal structures of the
Toll/Interleukin-1 receptor (TIR) domains from the Brucella protein TcpB and host adaptor TIRAP reveal
mechanisms of molecular mimicry. The Journal of Biological Chemistry. 2014; 289(2):669–79. https://
doi.org/10.1074/jbc.M113.523407 PMID: 24275656.
17. Joosten LAB, Abdollahi-Roodsaz S, Dinarello CA, O’Neill L, Netea MG. Toll-like receptors and chronic
inflammation in rheumatic diseases: new developments. Nature Reviews Rheumatology. 2016; 12:344.
https://doi.org/10.1038/nrrheum.2016.61 PMID: 27170508
18. Piccinini AM, Midwood KS. DAMPening inflammation by modulating TLR signalling. Mediators of
Inflammation. 2010; 2010:21. https://doi.org/10.1155/2010/672395 PMID: 20706656
19. Horng T, Barton GM, Medzhitov R. TIRAP: an adapter molecule in the Toll signaling pathway. Nature
Immunology. 2001; 2(9):835–41. https://doi.org/10.1038/ni0901-835 PMID: 11526399.
20. Mansell A, Brint E, Gould JA, O’Neill LA, Hertzog PJ. Mal interacts with tumor necrosis factor receptor-
associated factor (TRAF)-6 to mediate NF-kappaB activation by toll-like receptor (TLR)-2 and TLR4.
The Journal of Biological Chemistry. 2004; 279(36):37227–30. https://doi.org/10.1074/jbc.C400289200
PMID: 15247281.
21. Kocan M, Pfleger KDG. Study of GPCR-protein interactions by BRET. Methods in Molecular Biology.
2011; 746:357–71. https://doi.org/10.1007/978-1-61779-126-0_20 PMID: 21607868.
22. Kocan M, See HB, Sampaio NG, Eidne KA, Feldman BJ, Pfleger KDG. Agonist-independent interac-
tions between beta-arrestins and mutant vasopressin type II receptors associated with nephrogenic
syndrome of inappropriate antidiuresis. Molecular Endocrinology. 2009; 23(4):559–71. https://doi.org/
10.1210/me.2008-0321 PMID: 19179480.
23. Pfleger KDG, Seeber RM, Eidne KA. Bioluminescence resonance energy transfer (BRET) for the real-
time detection of protein-protein interactions. Nature Protocols. 2006; 1(1):337–45. https://doi.org/10.
1038/nprot.2006.52 PMID: 17406254.
24. Dacres H, Michie M, Wang J, Pfleger KDG, Trowell SC. Effect of enhanced Renilla luciferase and fluo-
rescent protein variants on the Fo¨rster distance of Bioluminescence resonance energy transfer (BRET).
Biochemical and Biophysical Research Communications. 2012; 425(3):625–9. https://doi.org/10.1016/
j.bbrc.2012.07.133 PMID: 22877756
25. Kocan M, See HB, Seeber RM, Eidne KA, Pfleger KDG. Demonstration of improvements to the biolumi-
nescence resonance energy transfer (BRET) technology for the monitoring of G protein-coupled recep-
tors in live cells. Journal of Biomolecular Screening. 2008; 13(9):888–98. https://doi.org/10.1177/
1087057108324032 PMID: 18812574.
26. Honda K, Ohba Y, Yanai H, Negishi H, Mizutani T, Takaoka A, et al. Spatiotemporal regulation of
MyD88-IRF-7 signalling for robust type-I interferon induction. Nature. 2005; 434(7036):1035–40.
https://doi.org/10.1038/nature03547 PMID: 15815647.
27. Kawai T, Sato S, Ishii KJ, Coban C, Hemmi H, Yamamoto M, et al. Interferon-α induction through Toll-
like receptors involves a direct interaction of IRF7 with MyD88 and TRAF6. Nature Immunology. 2004;
5(10):1061–8. https://doi.org/10.1038/ni1118 PMID: 15361868.
28. Nishiya T, Kajita E, Horinouchi T, Nishimoto A, Miwa S. Distinct roles of TIR and non-TIR regions in the
subcellular localization and signaling properties of MyD88. FEBS Letters. 2007; 581(17):3223–9.
https://doi.org/10.1016/j.febslet.2007.06.008 PMID: 17583698.
BRET analysis of TLR-adaptor interactions is hampered by protein overexpression
PLOS ONE | https://doi.org/10.1371/journal.pone.0202408 August 23, 2018 17 / 18
29. Lan T-H, Kuravi S, Lambert NA. Internalization dissociates β2-adrenergic receptors. PloS One. 2011;
6(2):e17361. https://doi.org/10.1371/journal.pone.0017361 10806539179567753184rela-
ted:4Cd62SCK-JUJ PMID: 21364942
30. Kocan M, Dalrymple M, Seeber R, Feldman B, Pfleger K. Enhanced BRET technology for the monitor-
ing of agonist-induced and agonist-independent interactions between GPCRs and β-arrestins. Frontiers
in Endocrinology. 2011; 1:12. https://doi.org/10.3389/fendo.2010.00012 PMID: 22654789.
31. Mercier J-F, Salahpour A, Angers S, Breit A, Bouvier M. Quantitative assessment of beta 1- and beta 2-
adrenergic receptor homo- and heterodimerization by bioluminescence resonance energy transfer. The
Journal of Biological Chemistry. 2002; 277(47):44925–31. https://doi.org/10.1074/jbc.M205767200
PMID: 12244098.
32. Szalai B, Hoffmann P, Prokop S, Erde´lyi L, Va´rnai P, Hunyady L. Improved methodical approach for
quantitative BRET analysis of G protein coupled receptor dimerization. PloS One. 2014; 9(10):
e109503. https://doi.org/10.1371/journal.pone.0109503 PMID: 25329164.
33. Mustafa S, See HB, Seeber RM, Armstrong SP, White CW, Ventura S, et al. Identification and profiling
of novel α1A-adrenoceptor-CXC chemokine receptor 2 heteromer. The Journal of Biological Chemistry.
2012; 287(16):12952–65. https://doi.org/10.1074/jbc.M111.322834 PMID: 22371491.
34. Bonham KS, Orzalli MH, Hayashi K, Wolf AI, Glanemann C, Weninger W, et al. A promiscuous lipid-
binding protein diversifies the subcellular sites of toll-like receptor signal transduction. Cell. 2014;
156(4):705–16. https://doi.org/10.1016/j.cell.2014.01.019 PMID: 24529375.
35. Medzhitov R, Preston-Hurlburt P, Kopp E, Stadlen A, Chen C, Ghosh S, et al. MyD88 Is an adaptor pro-
tein in the hToll/IL-1 receptor family signaling pathways. Molecular Cell. 1998; 2(2):253–8. https://doi.
org/10.1016/S1097-2765(00)80136-7 PMID: 9734363.
36. Laird MHW, Rhee SH, Perkins DJ, Medvedev AE, Piao W, Fenton MJ, et al. TLR4/MyD88/PI3K interac-
tions regulate TLR4 signaling. Journal of Leukocyte Biology. 2009; 85(6):966–77. https://doi.org/10.
1189/jlb.1208763 PMID: 19289601.
37. Stoddart LA, Johnstone EKM, Wheal AJ, Goulding J, Robers MB, Machleidt T, et al. Application of
BRET to monitor ligand binding to GPCRs. Nature Methods. 2015; 12(7):661–3. https://doi.org/10.
1038/nmeth.3398 PMID: 26030448.
38. Feng C, Stamatos NM, Dragan AI, Medvedev A, Whitford M, Zhang L, et al. Sialyl residues modulate
LPS-mediated signaling through the Toll-like receptor 4 complex. PloS One. 2012; 7(4):e32359. https://
doi.org/10.1371/journal.pone.0032359 PMID: 22496731.
39. Into T, Inomata M, Niida S, Murakami Y, Shibata K-i. Regulation of MyD88 aggregation and the MyD88-
dependent signaling pathway by sequestosome 1 and histone deacetylase 6. The Journal of Biological
Chemistry. 2010; 285(46):35759–69. https://doi.org/10.1074/jbc.M110.126904 PMID: 20837465.
40. Ulrichts P, Peelman F, Beyaert R, Tavernier J. MAPPIT analysis of TLR adaptor complexes. FEBS Let-
ters. 2007; 581(4):629–36. https://doi.org/10.1016/j.febslet.2007.01.026 PMID: 17258210.
41. Mansell A, Smith R, Doyle SL, Gray P, Fenner JE, Crack PJ, et al. Suppressor of cytokine signaling 1
negatively regulates Toll-like receptor signaling by mediating Mal degradation. Nature Immunology.
2006; 7(2):148–55. https://doi.org/10.1038/ni1299 PMID: 16415872.
42. Petrezselyova S, Kinsky S, Truban D, Sedlacek R, Burtscher I, Lickert H. Homology arms of targeting
vectors for gene insertions and CRISPR/Cas9 technology: size does not matter; quality control of tar-
geted clones does. Cellular and Molecular Biology Letters. 2015; 20(5):773–87. https://doi.org/10.1515/
cmble-2015-0047 PMID: 26540224
43. White CW, Vanyai HK, See HB, Johnstone EKM, Pfleger KDG. Using nanoBRET and CRISPR/Cas9 to
monitor proximity to a genome-edited protein in real-time. Scientific Reports. 2017; 7(1):3187. https://
doi.org/10.1038/s41598-017-03486-2 PMID: 28600500
44. Sampaio NG, Yu W, Cox D, Wyckoff J, Condeelis J, Stanley ER, et al. Phosphorylation of CSF-1R
Y721 mediates its association with PI3K to regulate macrophage motility and enhancement of tumor
cell invasion. Journal of Cell Science. 2011; 124(Pt 12):2021–31. https://doi.org/10.1242/jcs.075309
PMID: 21610095
BRET analysis of TLR-adaptor interactions is hampered by protein overexpression
PLOS ONE | https://doi.org/10.1371/journal.pone.0202408 August 23, 2018 18 / 18
